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Abruptly Autofocusing Twisted Optical Bottle Beams
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Versatile twisted optical bottles (TOBs) generated from a series of abruptly autofocusing beams are
derived numerically and experimentally. This kind of TOB beam utilizes dual-autofocus, optical-vortex,
and astigmatic phase properties to structure one or more three-dimensional closed dark regions, the bottle
space. Closed off-axis multiple optical bottles are generated and observed experimentally. The twist angles
can individually affect the rotation of the TOB. The experimental results agree well with our numerical
simulations. The relationships between the astigmatic phase, the length of the TOB, the topological order
of the vortex, and the width of the TOB are determined. Additionally, stable mesocarbon particles trapped
by TOB beams are observed in side view successfully. These TOBs offer more possibilities to trap, sort,
and clean microparticles or nanoparticles and improve optical manipulation systems in the future.
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I. INTRODUCTION

Optical tweezers, using forces exerted by a strongly
focused beam to trap or move microscale-to-nanoscale
objects, are ideally suited to manipulating mesoscopic sys-
tems [1—6] and play an important role in the fields of
biology [7,8], soft-condensed-matter physics [9], and so
on. Optical bottle beams, a variant of an optical-tweezer
system, form three-dimensional traps by creating low-
or null-intensity regions surrounded by a higher inten-
sity [10—12], which enable optical-tweezer systems to trap
multiple particles rather than a single one; they may even
be useful in high-fidelity quantum simulations and quan-
tum logic operations with Rydberg atoms [13]. Optical
bottles are usually produced by on-axis destructive inter-
ference of beams [6,14] or caustics under revolution [15],
specifically by means of methods such as the self-image
effect [16], moiré techniques [6], and Fourier-space gen-
eration [17]. The length, the volume, the cross-sectional
shape, and the rotation angle are some critical determinants
that limit and impact the capability of these bottles to cap-
ture particles. How best to alter the determinants for better
trapping has become a subject of immense interest. Here,
we find that a new method in which abruptly autofocus-
ing beams (AAFBs), after the addition of optical-vortex
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and astigmatic phase properties, can form a dark region
between two autofoci, and, more importantly, can con-
struct well-closed optical bottles with high adjustability.
AAFBs maintain an almost constant low-amplitude pro-
file until a particular focal point, where the AAFB abruptly
focuses and, subsequently, the peak intensity increases
by orders of magnitude. The laterally inward acceleration
before the focal point enables large transverse velocities
for radially symmetric beams, and thus the energy can
be concentrated [18,19]. The unique feature of a more
enhanced longitudinal intensity contrast compared with a
typical Gaussian beam leads to potential applications in
laser biomedical treatment [18], optical trapping [20—22],
generation of light bullets [23], and atom manipulation
[24]. The integral functions that satisfy the condition of
forming an AAFB originate from higher-order catastro-
phe theory. A catastrophe is a discontinuous change in
the behavior of a function that can occur even when its
parameters are varied continuously. In diffraction theory,
when higher-order catastrophes appear, rapidly oscillating
diffraction integrals containing several control parame-
ters are required; these parameters can represent the light
intensity or the quantum mechanical probability density
[25-29]. On the other hand, programmable and modulable
spatial light modulators (SLMs) allow on-demand load-
ing of phase masks of manifold caustic beams, and can
expedite the artificial creation of catastrophe beams in light
fields. Artificial low-order catastrophe beams such as Airy
beams [30] and Pearcey beams [31] have been successfully
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created and observed. Meanwhile, a high-order optical
swallowtail beam, another particular solution of the parax-
ial Helmholtz equation, has been proposed; it is obtained
by mapping the cross sections of the higher-dimensional
control-parameter space of swallowtail catastrophes to
the corresponding transverse plane [32—34]. Intriguingly,
if catastrophes with fold, cusp, and swallowtail geomet-
ric structures in the optical field are constrained by a
radially symmetric regime, all of them exhibit abruptly
autofocusing properties [35-37].

We demonstrate twisted optical bottle beams (TOBBs),
a special class of AAFBs exhibiting astigmatism transfor-
mation and embedding an optical vortex, whose energy
flows through a three-dimensional curved shell, leaving a
null-intensity region in the middle. The astigmatism trans-
formation can be effectuated by inserting a cylindrical lens
or embedding astigmatic phase information into a phase
mask projected onto a SLM [38,39], which allows AAFBs
to achieve a dual autofocus and twists the beams so that
we can obtain the head and bottom of the bottle. Com-
pared with other conventional bottle beams, TOBBs form
optical bottles with better confinement, whose length and
twist angle can be also adjusted for better adaptability. The
construction of such twisted optical bottles relies on the
dynamics of TOBBs, which has potential applications in
the particle-manipulation field, such as optical trapping,
optical particle sorting, optical particle cleaning, and so
on. In this paper, our experimental results are in close
agreement with our simulated results.

II. THEORY

In the case of optical catastrophes, there is a well-known
classification method for caustic fields, namely the use
of the polynomial-generating function P, (t,s), which dis-
tinguishes various local effects near catastrophes and the
system’s qualitative behavior [26]:

n—2
Py(t,s) =5"+ ) tus", O]
u=1
where the control vector t = [f1,f,...,%,—2] (the #

are Cartesian coordinates) includes the external control
parameters obtained by applying a local transformation
(rotations, translations, and rescalings) to the internal state
variable s. The polynomial-generating function is inserted
into the diffraction integral as a phase item, after which
we obtain the diffraction catastrophe integral (DCI), of the
form [32,40]

C,(t) = / exp [iP, (t,s)] ds. 2)
R

From Eq. (2), we can demonstrate three well-known
integrals in paraxial optics, which are the Airy inte-
gral C3(t) = Ai(t) = Ai(¢;) [41], the Pearcey integral

C4(t) = Pe(t) = Pe(ty,1,) [42], and the swallowtail inte-
gral Cs(t) = Sw(t) = Sw(?1, 12, 13) [32]. These are elemen-
tary catastrophes, and each type of caustic catastrophe
is characterized by its own form of P, (t,s), in which
the most significant role is played by the highest-order
state variable 5", called the unfolding of the catastrophe.
The C, in Egs. (1) and (2) are usually written in Carte-
sian coordinates, but they can also be expressed in radial
coordinates in the optical field. In fact, caustic optical
fields expressed as the DCI in radial coordinates have
been reported extensively, including the cases of ring
Airy beams (the third order of the DCI [18]), ring Pearcey
beams (the fourth order of the DCI [31]), ring swallowtail
beams (the fifth order of the DCI [32]), and so on. A typi-
cal method of transformation is that the first component of
the control vector t in Eq. (1) is considered as the radial-
coordinate variable ¢ = r, and the other components are
directly equal to zero, i.e., t,, ..., t,—» = 0. Therefore, the
expression for a TOBB in the initial plane in the cylindri-
cal system (r,z) can be defined for different orders of the
DCI and modulated phases as

E,(r,z=0)=C,(nD @) Vi(®)exp[-id )], ()

where r = (r,0) is the polar vector. In this paper,
we consider the situation C;(r) = Ai (r/pswy), Ca(r) =
Pe(r/pswo, 0), Cs(r) = Sw (r/pswy,0,0) [40], where p;
denotes the distribution factor, and wy is the beam-waist
width of the Gaussian beams.

l,r<rg
0,7 >rg

D(r) = { (4)

represents the Heaviside function, which is used in order to
ensure that the beam energy is finite. The optical vortex V;
and the astigmatic phase A are the keys to forming optical
bottles during propagation:

Vi =[] (" + roe® fwo)’, )

Iy

A(r) = Ri*sin( — w) cos(0 — w)/wj, (6)

where [ represents the vortex topological charge, r, =
(ry, 8,) denotes the position vector of each optical vortex, R
is the astigmatic factor, and w € [0,27) denotes the twist
angle. To analyze the propagation properties of TOBBs,
we utilize the split-step Fourier-transform method [43] to
numerically calculate the three-dimensional optical fields
of TOBBs under the paraxial condition.

ITI. ANALYSIS

Figure 1 displays the phase superimposition process
and the initial intensity distributions of astigmatic ring
Airy vortex beams (Airy ARVBs, n = 3), astigmatic ring
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Phase superimposition processes (al)~(c3) and initial transverse intensity distributions (a4)—(c4) of TOBBs. The orange

curves in (a4)—c4) are the normalized maximum-intensity distributions as a function of x. We consider the position vector of the
vortex r, = (0, 0), the twist angle w = 0, and the beam waist wy = 1.03 mm, which correspond to the experimental measurement.

Pearcey vortex beams (Pearcey ARVBs, n = 4), and astig-
matic ring swallowtail vortex beams (swallowtail ARVBs,
n = 5), obtained by setting appropriate regulatory factors
[Figs. 1(al)-1(a4), ps = 0.2, R = 12; Figs. 1(b1)-1(b4),
ps = 0.1, R =10; Figs. 1(cl1)-1(c4), p; = 800, R = 3] to
form the TOBs. There are two key phase components
for forming TOBBs: the astigmatic phase and the vortex
phase. Under the influence of the astigmatic phase [38], the
rings of the TOBBs are elongated in the direction of x =
—y. From Figs. 1(al)-1(a3), each ring of the Airy phase in
the cylindrical system truncates the astigmatic phase and
produces a spatial phase transition. It can be seen from
Figs. 1(b1)—1(b3) that several circles composed of phase-
mutation lines generated by the Pearcey phase are stretched
into an ellipse by the astigmatic phase. In addition, in
Figs. 1(cl)-1(c3), the ring swallowtail phase and the astig-
matic phase do not blend so obviously. Concentrating
on the phase distributions and superimposition, we find
that the astigmatic phase can be better integrated into the
ring Pearcey vortex phase, as shown in Figs. 1(b1)-1(b3).
Because of the discrepancies in the phase distributions,
these phases can generate versatile TOBs, as shown in the
next section. From Figs. 1(a4)—1(b4), this makes it clear
that the optical fields of these three types of TOBBs with

different orders of the DCI have homogeneous intensity
distributions in the initial plane. The intensity distribu-
tions of the Airy ARVBs and Pearcey ARVBs have distinct
oscillation curves and rings. Nevertheless, the rings of the
swallowtail ARVBs are thin and densely distributed, so
that their curves have very uneven oscillations along the
radial axis.

Next, we analyze the TOBs formed by three such
kinds of beams propagating in free space, as displayed in
Fig. 1. Although TOBBs are not Gaussian-like beams, it
is necessary for us to utilize Gaussian beams to exper-
imentally generate the TOBBs we need. Therefore, we
use the Rayleigh distance zz = 0.5kw} as a propagation-
distance scale in the z direction. By adjusting the struc-
ture of the TOBBs, we can create a TOB in free space,
which has a practically closed three-dimensional null-
intensity space enclosed by a higher intensity. Similarly to
Refs. [38,44,45], the head and the bottom of the TOB
are formed in the two planes with the highest intensities.
These three beams all keep their radial symmetry in the ini-
tial plane, and then focus automatically into an elongated
lobe on the line y = —x in the head plane, as shown in
Figs. 2(a2)-2(c2). However, the further evolution of these
beams is very different. From Fig. 2(al), due to the angular
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Intensity distributions [three-dimensional (3D) transverse-intensity-distribution diagrams, propagation-slice diagrams, and

intensity curves along the z axis] of TOBBs with different orders of the DCI, propagating in free space: (al)~a3) n = 3; (b1)+(b3)
n = 4; (c1)+c3) n = 5. The other parameters are the same as in Fig. 1.

momentum of the optical vortex, the linear distribution
of the beams slowly transforms into a closed elliptical-
ring shape during propagation. Then, the main lobe turns
into a boatlike shape with a relatively low intensity dis-
tribution at both ends, until the second focus of the Airy
ARVB, at which point it closes again to form the bottom
of the bottle. The lobe at the bottle bottom is presumably
2 times wider along the line y = —x than that at the head
of the bottle. By observing the intensity distribution along
the z axis in Fig. 2(a3), we can measure the length of the
TOB according to the relative position of the two focus-
ing planes. We discuss the measurement of the TOB length
further in Sec. IV. The TOB formed by the Airy ARVBs
is the longest one, but it is surrounded by the lowest nor-
malized intensity, which forms the bottle wall of the TOB.
The TOB generated by the Pearcey ARVBs is the most
representative. The dynamics of such propagation behav-
ior can be clearly visualized in Figs. 2(b1)-2(b3). In the
plane z = 0.08zg, we find that the intensity pattern gradu-
ally transforms into a rhombuslike structure with elliptical
rings outside until the second focus is reached, which is
shown in Fig. 2(b1). The main lobe of the Pearcey ARVB
in the bottom plane is distributed along the line y = x,
which is rotated by /2 compared with that for the head
plane. The position z = 0.08z; is at approximately the

center of the 90° twist rotation from the head plane to the
bottom plane. There is a phenomenon of inversion here,
caused by the essence of the Pearcey function. The spot
patterns of the transverse sections of Pearcey beams are
upside down before and after focusing, which is the “self-
inversion” property [31]. Because of the complex phase
modulation, “self-inversion” of Pearcey ARVBs happens
between the first and the second focal plane. Therefore, the
spot is not elongated in this plane, and it is elongated in the
first and the third quadrants after this plane [Fig. 2(b2)].
Differently from the other two kinds of beams, Fig. 2(b3)
shows that there is a small intensity peak at the center dur-
ing the propagation of Pearcey ARVBs from the head plane
to the bottom plane. The length of the TOBs formed by
the Pearcey ARVBs is far smaller than that for the Airy
ARVBs, but the Pearcey ARVBs provide a stronger “parti-
cle cage” for optical manipulation. Finally, we concentrate
on the case of swallowtail ARVBs, with n = 5. Generally,
when working with this kind of TOBB (n = 5), it is diffi-
cult to guarantee a certain minimum distance between the
two foci, which is needed to form a TOB in Figs. 2(a2)
and 2(b2). In order to do so, we need to embed an addi-
tional quadratic phase [exp [—iQ(x* +y?/w})]; O is the
quadratic factor, which we set to 16.55] in the initial plane
of the swallowtail ARVBs so that the two focal planes can
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be separated by a certain distance, as shown in Fig. 2(c2).
In fact, the quadratic factor is physically equivalent to the
ratio of the Rayleigh length to the focal length of a spheri-
cal lens. In this situation, the inversion in the bottom plane
is caused by the lens. The swallowtail ARVBs generate the
smallest TOB with the highest intensity, which is the most
stable way to hold particles [46]. Therefore, in a hypothet-
ical concept, OB beams with a dual autofocus can also be
utilized in optical cloaking [47], as they can avoid obsta-
cles or detectors during propagation and can autofocus
with no change along the propagation direction. In this sit-
uation, we need not mechanically adjust the optical device
to avoid these obstacles. Instead, we need only to calculate
the corresponding parameters of the beams and load the
corresponding information into a SLM to avoid an object.

To demonstrate the twisted behavior of TOBBs, we
introduce a twist-angle variable w. By adjusting the twist
angle o, we can obtain different twisted shapes of the
TOB. Because of the self-inversion property, we choose
the most typical kind of TOBBs, generated by Pearcey
ARVBEs, to discuss the distinctions that can be obtained
by changing the twist angle. Figure 3 shows the inten-
sity distributions from the first autofocusing plane (the
TOB head, z = 0.07zg) to the second autofocusing plane
(the TOB bottom, z = 0.10zg). The angle does not affect
the length and volume of the bottle. In the above dis-
cussion and in Figs. 2(b1)-2(b3), when w = 0, the main
lobe of the Pearcey ARVBs is distributed along the line

y = —x, which is at an angle of approximately 45° with
respect to the x axis. In Figs. 3(b) and 3(c), when the
twist angle w is adjusted to 45° and 60°, the distribu-
tion pattern in the first focal plane (the head plane) is
transformed into lines at angles of 0° and 15°, respec-
tively. In general, the main lobes in the head plane and
the bottom plane of Pearcey ARVBs with a twist angle
o are distributed along the lines y /x = arctan (v — 7w /4)
and y /x = arctan (w + 7/4), respectively. With these gen-
eral formulas, we can obtain a TOB with the predesigned
twisted shape that we need.

The vortex topological charge / also plays an important
role in modulating the shape of OB beams [38]. A scatter-
ing diagram of the largest width along the x axis for TOBs
formed from beams with different charges (! = 1,2,...,7)
propagating in free space is clearly shown in Fig. 4. The
width of a TOB is dominated by the vortex topological
charge. The almost monotonically increasing solid line in
Fig. 4(a) illustrates that the topological charge is positively
correlated with the width of the TOB. More importantly,
the phenomenon of bright and dark spots at the focus point
is related to the parity of the vortex order [48]. A bright
spot appears in the focal plane when the order of the vortex
is even, which can be utilized to structure a closed OB. As
shown in Figs. 4(b1) and 4(b2), TOBBs with a high-even-
order vortex still maintain a bright spot in the focal plane.
Nevertheless, it is not advantageous to blindly increase the
vortex order. An increase in the vortex topological charge

L

FIG. 3.

Intensity distributions of Pearcey ARVBs with different twist angles (w = 0, w = 7/4, and w = 7/3): (al)(cl) side views

of the TOB in the x = (y — z) plane; (a2)—(c2) heads and bottoms of the bottles; (a3)c3) slice diagrams. The other parameters are

the same as in Fig. 1(b).
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FIG. 4. (a) Maximum TOB width along the x axis versus vor-
tex topological charge; (b1),(b2) side views of propagation of
Pearcey ARVBs with / = 6 and / = 7, respectively. The other
parameters are the same as in Fig. 1(b).

leads to more serious spot splitting, and so the beam cannot
form a relatively closed dark region. In our simulation, we
find that the TOBBs in the case / = 2 show the best bottle
structure.

IV. EXPERIMENT

In the study presented in this paper, we generate TOBBs
by means of holographic imaging [49], which is a popular
method in the field of spatial light generation [19,21,30,32,
33,37,50-53]. Because spatial-light-modulation technol-
ogy is already mature and widely used, we draw on experi-
ence from previous research and establish the experimental
scheme shown by the 3D model in Fig. 5. The fundamental
transverse Gaussian mode is emitted by a power-adjustable

FIG. 5. Experimental scheme: power-adjustable laser (A =
532 nm, power range from 1 mW to 6 W); BE, eightfold beam
expander; M;, M, mirrors; SLM, reflective spatial light modula-
tor (Santec SLM-200); BS, beam splitter; CCD, charge-coupled
device (BeamPro 11.11). The 4f optical filter system consists of
two thin lenses L; (fi = 300 mm) and L, (f; = 300 mm) and an
aperture Ap.

laser (A = 532 nm). We use an eightfold beam expander
to collimate and expand the Gaussian beam, so that the
beam is reflected from the SLM in such a way that it car-
ries sufficient information. After the beam passes through
the beam splitter, a 4f spatial filter filters out all the inter-
ference fringes except for the 4+1 order in the spectrum
plane. Finally, we obtain the initial intensity distribution of
the TOBB in the image focal plane of L,. By moving the
CCD camera on a slide slowly and steadily, we can observe
the propagation phenomena of the TOBB. We measure and
calculate the final beam waist wy = 1.03 mm in the focal
plane of L,.

Basically, the intensity distributions measured by the
CCD in the experiment [Figs. 6(al)—6(c4)] for these three
types of TOBBs are practically consistent with the distri-
butions in the simulation shown in Fig. 2. The Airy ARVBs
have two solid spots in the center of the head plane as well
as in the bottom plane, and they provide a closed zero-light
dark region, as shown in Fig. 6(a3). The Pearcey ARVBs
maintain the typical propagation-inversion property. The
distribution in the head plane [Fig. 6(b2)] is similar to
the distribution in the bottom plane [Fig. 6(b4)] after the
application of mirror symmetry. The needle-shaped spot
is rotated by 90°. From Figs. 6(c1)—6(c4), the swallow-
tail ARVBs do not have the inversion property. When the
astigmatic factor R is very small, the second focus is too far
from the first focus to form a TOB. Diffraction expands the
beam rapidly, so that the intensity is very weak when the
swallowtail ARVB propagates to the second focal plane.
Additionally, as we have mentioned above, if R is too large,
due to the very intense focus of ring swallowtail beams, the
two focal planes are too close together to form a TOB. It
is hard to apply this kind of too large and weak-intensity
or too small and strong-intensity TOB without a quadratic
phase. On the other hand, with a quadratic phase in the
SLM, it is hard to choose pure 41 fringes in the 4f system,
because the orders of the interference fringes are very close
to each other. To solve these problems, we use a focus-
ing lens that replaces the quadratic phase (k/2f = Q/w3,
where the focal length of the lens is f = 300 mm) equiv-
alently in the initial plane (the image focal plane of L;)
to adjust the position of the second focal plane. In this
case, we can obtain an appropriate TOB from a swallowtail
ARVB during propagation.

The astigmatic factor R also has a positive correlation
with the length of the TOB. We present a discussion of
the relationship between the astigmatic phase and the TOB
length in Fig. 7. We select 11 different astigmatic factors,
equally spaced within the interval [7, 12]. As shown by the
two scatter polylines in Fig. 7(b), we experimentally mea-
sure (the blue solid line) and numerically calculate (the red
dashed line) the positions of the head and the bottom of
the bottle [the reference intensity distribution can be seen
in Figs. 7(al) and 7(a2)] to obtain the TOB length. After
eliminating the undulations caused by laser diffraction,
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FIG. 6. Experimental snapshots of normalized intensity distributions in the initial plane, the head plane, the body plane, and the
bottom plane, and the phase masks of the TOBBs: (al)—+a5) Airy ARVBs; (b1)~(b5) Pearcey ARVBs; (c1)(c5) swallowtail ARVBs.

The parameters are the same as in Fig. 1.

interference, air turbulence, and dust, the results of the sim-
ulation calculations and experimental measurements are
very consistent. However, we cannot just keep increasing
R to infinity or a very large value, because of the practical

0.040
— Expt. (bz,a
— Sim
~ 0.035H . O
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£ 0.030f /'
g r’
2 0.025F /7
2 ~
0020V . .
7 8 9 10 11 12
R

FIG. 7. (al),(a2) Experimental intensity distributions of
Pearcey ARVBs observed with the CCD in the TOB head plane
and bottom plane, respectively; (b) TOB length versus astigmatic
factor in the simulation and experiment. The other parameters are
the same as in Fig. 1(b).

image limit (phase mask) of the SLM (up to approximately
25 in our experimental method). Another negative factor
is that the intensity is attenuated due to diffraction, which
means that if the bottle length is too large, the intensity at
the bottom of the bottle is too weak to trap particles.

Next, after analyzing the relationship between the astig-
matic factor and the bottle length, we can start to obtain
more complex-structured TOBBs. Recently, a class of
highly controllable complex-structured beams, namely
beams for off-axis multiple optical bottles (OMOBs), has
been theoretically investigated. [38,45,54-56]. This kind
of OMOB is a product of beam propagation in free space,
utilizing multiple autofocuses and off-axis optical vortices
to form a complicated light-field structure. The complicat-
edly structured beams have several closed zero-intensity
spaces that can be used for “particle cages.” Such complex-
structured beams can be easily generated by calculating
the phase mask that is used in the SLM. We continue to
use the experimental scheme shown in Fig. 5 to generate
off-axis multiple TOBs. Here, we generalize and observe
off-axis multiple TOBs obtained from TOBBs in the exper-
iment. Figure 8 demonstrates the propagation dynamics
of Pearcey ARVBs with two off-axis optical vortices.
These two off-axis vortices are the key to generating such
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Off-axis multiple TOBs formed by Pearcey ARVBs with two different off-axis optical vortices with / = 2, ry; = (7y1,6,1) =

(0.45,7/2), and ry = (ry2,60,2) = (0.45, —m/2)]: (a) numerically simulated side view of Pearcey ARVBs propagating in free space;
(bl) numerically simulated transverse intensity patterns in the initial plane; (b2)}+b4) numerically simulated transverse intensity pat-
terns in the planes 1-3 marked in (a); (c) phase mask; (d1)+d3) experimental transverse intensity patterns corresponding to (b2)—(b4).
Two off-axis bottle spaces are marked by white circles. The other parameters are the same as in Fig. 1(b).

complex OMOBs. A dark region is caused by an optical
vortex. Therefore, if the position of the vortex changes and
the number of vortices is increased, we obtain an OMOB.
The result in Fig. 8 is obtained by increasing N to 2 and
using two off-axis symmetric optical vortices along the y
axis (x = 0,y = £0.45 mm). Compared with the situation
of one on-axis vortex, the body of the TOB seems to be
divided into two off-axis bottle spaces, which are marked
by white circles. Regarding the generation of OMOBEs,
we have a great improvement toward solving the problem
that the characteristics of OBs are difficult to efficiently
control by varying the beam-focusing conditions [57]. We
have to choose the topological charge or the positions
of the vortices within an appropriate range, which means
that the number and the positions of the vortices have a
maximum limitation (N < 7 and » < 1 mm), or we obtain
several incompletely enclosed bottle spaces. In the appro-
priate range, we can change the position and the shape of
each TOB, and there is no doubt that we can get three,
four, or even five off-axis multiple TOBs. From Fig. 8§,
this means that highly tunable OMOBs can be generated
in a real experiment, which may offer more possibilities
for trapping microparticles or nanoparticles in the future.
Finally, we utilize a simple experimental setup to verify
the photophoretic trapping properties of the TOBBs. Sta-
ble trapping and manipulation of light-absorbing particles
can be experimentally achieved with a bottlelike struc-
ture [58]. The laser beams radiate heat, and the heated
gas molecules exchange linear momentum with a par-
ticle, which generates a force that pushes the particle.
Figure 9 shows results obtained with Pearcey ARVBs as
a typical beam sample (approximately 6 W output laser
power) after constriction incidence into a glass cuvette
(10 mm x 10 mm x 40 mm) containing absorbing car-
bon particles of median size D5y = 23.83 x 10~3 mm. The
position of generation of the TOBBs in Fig. 9(a) is in the
image focal plane of L, shown in Fig. 5. Before observing

the trapping phenomenon, we shake the cuvette in order to
assist the TOBBs in trapping the particles. The mechanism
of observation is shown in the inset of Fig. 9(a). Because
of the dark region, the particles inside it do not scatter
light. Only trapped particles touching the TOB wall can

(a)

Follow-up setup

y-z profile

Generated

- Cuvette
6: 1 beam constriction

Body Bottom
\ e Yo o

e Mesocarbon particlesi
Scattered light

FIG. 9. (a) Schematic diagrams of the follow-up experimen-
tal setup and particle trapping for mesocarbon microbeads; the
6x beam-constriction system consists of two thin lenses L3
(/5 = 150 mm) and L4 (f4 = 25.4 mm); (b) side view of the glass
cuvette, in which light is scattered from Pearcey ARVBs that
trap the particles; (c) numerically simulated side view of Pearcey
ARVBs propagating in free space; (d1)+d4) photographs of the
glass cuvette taken from the side at 20-s intervals. The com-
plete process, with a duration of about 3 min, is shown in the
Supplemental Material [59]. The parameters are the same as in
Fig. 1(b).
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scatter light. If the particles are trapped in the bottle, the
light scattered by the particles near the bottle wall causes
several stable small bright spots, which are marked by a
white circle in Fig. 9(b). As shown in the video file (See
Supplemental Material [59]), a small bright spot is stable
in the middle of the cuvette. Similarly to Refs. [60,61], this
phenomenon proves that the TOB can capture particles sta-
bly for a few minutes. Moreover, several carbon particles
may oscillate back and forth along the propagation axis
because the size of the particles causes different collision
strengths of gas molecules with different particle surfaces
[62,63]. Figures 9(d1)-9(d4) are side-view photographs of
the glass cuvette taken at 20-s intervals. The positions of
the TOB agree well with the simulation. The particles can
be trapped for a certain time, which means that robust and
stable TOBs can be formed. If we use a laser source with
a low power, the particles can easily oscillate due to envi-
ronmental disturbances. At the same time, the particles are
affected not only by the optics, but also by gravity in the
vertical direction. The longer the time is, the fewer par-
ticles there are that can be captured stably. This situation
can be alleviated well by trapping particles in a solution,
because the buoyancy of the solution can offset gravity.
Because of perturbations, several carbon particles are out
of focus, or they have moved to areas where there is no
light. In addition, when other particles are trapped in the
interior of the TOB, the dark region cannot reflect any light
to the observer. We need to build a side-view observation
system with another light source, with a different wave-
length and objective lens. In addition, compared with most
optical-tweezer experiments [20,64], the captured particles
are observed at a certain propagation distance, and so we
need to change the observation plane to a different position
by moving the whole observation system, which causes
external oscillations and disturbance. The method that we
use in this paper can intuitively and conveniently help us
observe the trapping of particles in the longitudinal prop-
agation direction, but this is at the expense of accuracy. A
direct method would be to greatly increase the power of
the laser source, so as to provide a greater capture force to
trap particles more stably.

V. CONCLUSION

In summary, we introduce a kind of structured beam,
abruptly autofocusing TOBBs, which form one or several
closed zero-light spaces during propagation. The closed
dark region of the TOB provides a stronger “particle cage”
for optical manipulation. Compared with the results of
previous research on optical bottles, more complicated
structures can be generated, and these can be manipu-
lated simply by changing the beam parameters, without
any mechanical scanning. We combine three types of opti-
cal beams with singularities in cylindrical coordinates and
compare them. Airy ARVBs form the largest TOBs but

with the weakest focal intensity. Pearcey ARVBs are the
most typical type of beam, with a larger focal intensity
and a more complex structure. Swallowtail ARVBs have
the strongest focal intensity but need a lens to form a
TOB. We discuss the influences of the twist angle, the
vortex topological charge, and the astigmatic factor on the
shape of TOBs. Our experimental results correspond well
to our numerical results. The particle-trapping experiment
exhibits a stable and robust TOB in air. Besides, we also
discuss the possibility of using TOBBs to realize optical
particle sorting and optical particle cleaning, which is a
basic step in improving multiparticle manipulation.
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